Objective. Patients with rheumatoid arthritis (RA) are at increased risk for herpes zoster (HZ) (i.e., shingles). The aim of this study was to determine whether treatment with tofacitinib increases the risk of HZ in patients with RA.
(7%) were either hospitalized or received intravenous antiviral drugs. The crude HZ IR across the development program was 4.4 per 100 patient-years (95% CI 3.8-4.9), but the IR was substantially higher within Asia (7.7 per 100 patient-years, 95% CI 6.4-9.3). Older age was associated with HZ (odds ratio 1.9, 95% CI 1.5-2.6), and IRs for HZ were similar between patients receiving 5 mg tofacitinib twice daily (4.4 per 100 patient-years, 95% CI 3.2-6.0) and those receiving 10 mg twice daily (4.2 per 100 patient-years, 95% CI 3.1-5.8). In the phase III trials among placebo recipients, the incidence of HZ was 1.5 per 100 patient-years (95% CI 0.5-4.6).
Conclusion. In the Tofacitinib RA Development Program, increased rates of HZ were observed in patients treated with tofacitinib compared with those receiving placebo, particularly among patients within Asia. Complicated HZ among tofacitinib-treated patients was rare.
The reactivation of varicella zoster virus (VZV), also known as herpes zoster (HZ) or shingles, is of substantial public health importance, as up to one-third of adults in the US will develop HZ within their lifetime (1) (2) (3) (4) . Nearly 100% of individuals in the US age 40 years or older have been exposed to this virus, and its reactivation is related to diminished VZV-specific cellmediated immunity associated with increasing age and immunosuppressive conditions. Among patients who develop HZ, postherpetic neuralgia occurs in ϳ15%, causing long-term disability. More rarely, disseminated forms of HZ occur, potentially leading to encephalitis and death. In the US, the annual incidence rates (IRs) of HZ vary between 0.4 and 1.1 per 100 patient-years in patients ages 50-80 years, with the highest rates seen in women (1) . In patients with rheumatoid arthritis (RA), the risk of HZ is elevated 2-3-fold (5, 6) .
Although certain disease-modifying therapies, such as anti-tumor necrosis factor ␣ (anti-TNF␣) therapies, have been linked to further increases in risk, studies evaluating this have produced conflicting results. To date, only prednisone has been consistently shown to increase the risk of shingles by an additional 1.5-2-fold (7) . Furthermore, although disseminated HZ is much more common in immunosuppressed populations, it is unclear whether RA and/or its disease-modifying therapies increase the risk (7, 8) .
Tofacitinib is an oral JAK inhibitor for the treatment of RA. Tofacitinib preferentially inhibits JAK-3 and/or JAK-1, modulating the immune response via down-regulation of several cytokines (e.g., interleukins 2, 4, 7, 9, 15, and 21) that are integral to lymphocyte development and function (9) . Given its mechanism of action and the increased baseline risk of HZ among patients with RA, an increased risk of HZ is a theoretical concern. Accordingly, we undertook a retrospective evaluation of HZ cases as reported within the Tofacitinib RA Development Program, with the objectives of describing the outcomes of and identifying risk factors for HZ among tofacitinib-treated patients, as well as evaluating the relative incidence of HZ in tofacitinibtreated patients as compared with those receiving placebo.
PATIENTS AND METHODS
Development program. The Tofacitinib RA Development Program was a large, global clinical study in patients with RA. We evaluated the data from 6 phase II studies (10-15), 5 phase III studies (16) (17) (18) (19) (20) , and 2 open-label long-term extension (LTE) studies (21, 22) , comprising a total of 4,789 treated patients and 5,651 patient-years of tofacitinib exposure across 44 nations worldwide (as of March 2011). The phase III trials included patients who were treated with tofacitinib at a dosage of either 5 mg or 10 mg twice daily or patients who received placebo. One of the trials included an adalimumab active control arm (n ϭ 204). In the phase III studies of 6 months' duration, patients receiving placebo were advanced to the tofacitinib treatment arm at month 3, receiving a dosage of either 5 mg or 10 mg twice daily. In the phase III studies of 12 months' duration, nonresponding patients receiving placebo were advanced to the tofacitinib treatment arm, at a dosage of either 5 mg or 10 mg twice daily, at month 3, while all remaining patients receiving placebo were advanced to the tofacitinib arm at month 6.
All phase II, phase III, and LTE studies were conducted in compliance with the Declaration of Helsinki, the International Conference on Harmonisation Guidelines for Good Clinical Practice, and the regulations of the relevant local countries. All enrolled patients provided informed consent, and all participating institutions provided institutional review board approval prior to participation.
For each study, adverse event (AE) data were reported by site investigators and entered within the Pfizer clinical database. Standard Medical Dictionary for Regulatory Activities (MedDRA) codes were used to categorize AEs, and infectious AEs such as HZ were graded "serious" if they required hospitalization or the use of parenteral therapy.
Identification and description of HZ cases. For the phase II, phase III, and open-label LTE studies, we searched the databases for all preferred and low-level MedDRA terms that contained text consistent with a potential diagnosis of HZ, as reported by the site investigators for each treated patient; a data cutoff date of March 29, 2011 was used. These terms included "Herpes zoster" (MedDRA code 10019974), "Herpes zoster disseminated" (MedDRA code 10065038), "Herpes zoster infection neurological" (MedDRA code 10061208), "Herpes zoster multi-dermatomal" (MedDRA code 10058428), "Herpes zoster ophthalmic" (MedDRA code 10019983), "Herpes zoster oticus" (MedDRA code 10063491), "Varicella" (MedDRA code 10046980), and "Varicella post vaccine" (MedDRA code 10063522). For cases classified by investigators as "serious," we reviewed reports on serious AEs to validate this designation and to describe the treatment and outcomes.
For all HZ cases occurring in the Tofacitinib RA Development Program, we collected descriptive clinical and epidemiologic information on each patient at the time of randomization (baseline), including age, sex, race, site of enrollment, corticosteroid use (limited by protocol to Յ10 mg/ day prednisone or equivalent), concomitant use of nonbiologic disease-modifying antirheumatic drugs (DMARDs), comorbidities (e.g., smoking and diabetes), body mass index (BMI), measures of RA severity (Disease Activity Score in 28 joints [23] utilizing the C-reactive protein level), and disease duration (years since diagnosis), as well as baseline lymphocyte counts.
Nested case-noncase study. To evaluate risk factors for HZ among tofacitinib-treated patients, we conducted a formal case-noncase study among all tofacitinib-treated patients from the phase II, phase III, and LTE trials; 15 patients with incomplete records were excluded from the case-noncase analysis. Demographic variables, medical comorbidities, known risk factors for HZ (i.e., age, prednisone use), and other collected covariates (as described above) and their association with the outcome of HZ were evaluated, first, using univariate logistic regression. Age, baseline BMI, RA severity, RA duration, and lymphocyte counts were evaluated as continuous variables. The associations between HZ and these covariates were checked one at a time. In addition, a stepwise logistic regression was performed, with a significance level of Ͻ0.05 for entry and elimination. The covariates selected by the stepwise algorithm were confirmed by testing whether their apparent associations remained when combined with the other selected covariates in a linear logistic model in which inclusion was forced. We conducted all analyses using SAS statistical software.
Calculation of the HZ IR and evaluation of comparative risk. Across the tofacitinib development program, HZ events were attributed to either tofacitinib, placebo, or adalimumab, based on the treatment exposure at the time of the event. We calculated crude IRs for HZ per 100 patient-years (with 95% confidence intervals [95% CIs]) in tofacitinibtreated patients, with the rates stratified by race, age, baseline 2676 WINTHROP ET AL DMARD use, and other factors. For those phase III studies in which only the tofacitinib dosage groups of 5 mg or 10 mg twice daily were evaluated, we separately calculated crude IRs for each study arm (tofacitinib 5 mg twice daily, tofacitinib 10 mg twice daily, placebo, and adalimumab), and Kaplan-Meier curves for the phase III studies were constructed, depicting * 95% CI ϭ 95% confidence interval; RA ϭ rheumatoid arthritis; COPD ϭ chronic obstructive pulmonary disease; BMI ϭ body mass index; DAS28-ESR ϭ Disease Activity Score in 28 joints (4-variable) using the erythrocyte sedimentation rate; DMARDs ϭ disease-modifying antirheumatic drugs. † Odds ratios (ORs) calculated for continuous variables were the factor by which the odds of herpes zoster (HZ) being present increased in response to an increase of 2 standard deviations in a given variable. ‡ Per protocol, patients were allowed to take corticosteroids with a prednisone or equivalent dosage of Յ10 mg daily. time-to-event for all randomized groups. To further evaluate comparative risk by exposure, we conducted a formal cohort study in the first 3 months after the start of treatment (given that nonresponding patients could advance to receive tofacitinib for the first time at month 3). In this study, patients were censored at the time of the HZ event, death, study discontinuation, or 3 months, whichever came first. Crude HZ incidence in this time interval was calculated and compared between each treatment group.
RESULTS
Incidence of HZ. Among 4,789 patients treated with tofacitinib in the phase II, phase III, and LTE studies, we identified 239 reported cases of HZ (5% of patients; crude IR 4.4 per 100 patient-years, 95% CI 3.8-4.9). Of these, 16 (7%) were cases of serious HZ; all patients with serious HZ were either hospitalized or received intravenous antiviral agents (for nonserious cases, antiviral use was not systematically reported by the investigators). Among the 16 serious cases, most patients were receiving 5 mg tofacitinib twice daily (n ϭ 12) and most were female (n ϭ 15). The serious cases occurred in Japan (n ϭ 10), Korea (n ϭ 2), and 1 each in Argentina, the Czech Republic, Croatia, and Finland. Among all 239 of the serious and nonserious HZ cases, no patient died or experienced visceral HZ. One multidermatomal case and 2 ocular HZ cases were reported.
For most of the patients who developed HZ (89%), either temporary discontinuation or no discontinuation of the study drug was reported; in the remaining 10% treatment with tofacitinib was permanently discontinued due to the HZ event. Among patients treated with tofacitinib, crude IRs for HZ were lowest for those lacking concomitant treatment with both methotrexate and prednisone (IR 3.4 per 100 patient-years, 95% CI 2.4-4.7), but the rates were not significantly different in patients who received both methotrexate and prednisone (IR 4.3 per 100 patient-years, 95% CI 3.5-5.4), those who received prednisone without methotrexate (IR 5.7 per 100 patient-years, 95% CI 4.4-7.3), or those who received methotrexate without prednisone (IR 4.2 per 100 patient-years, 95% CI 3.3-5.4). With regard to the possibility of an effect of prednisone according to age, there was a trend toward higher IRs for HZ in patients receiving prednisone compared with those not receiving prednisone, regardless of age. The crude IR for HZ in patients Ն60 years of age receiving prednisone was 6.3 per 100 patient-years (95% CI 4.8-8. The results of univariate analysis demonstrated that patients who developed HZ were significantly more likely to be older or to be enrolled from Asian study sites. A trend toward an increased risk of HZ was observed in patients reporting a history of oral corticosteroid use at baseline, those with lower lymphocyte counts at baseline, or those with longer durations of RA at baseline (Table 1) . In multivariate analysis, only older age and having Asia as the site of enrollment were independently associated with the risk of developing HZ (Table 1) .
Comparative risk cohort studies. Within the phase III studies, patients in the tofacitinib 5 mg twice daily, tofacitinib 10 mg twice daily, placebo, and adalimumab exposure groups were similar with regard to known HZ risk factors such as age, sex, and corticosteroid use (Table 2) . Overall, the crude IR for HZ in tofacitinib-treated patients was 4.3 per 100 patient-years (95% CI 3.4-5.4), with rates being similar between the tofacitinib 5 mg twice daily group and tofacitinib 10 mg twice daily group. A trend toward a lower incidence of HZ was noted in patients treated with adalimumab (2.8 per 100 patient-years, 95% CI 1.2-6.8) and patients receiving placebo (1.5 per 100 patient-years, 95% CI 0.5-4.6) (5,24-30) (Figure 1) .
Within the first 3 months after start of treatment, the incidence of HZ was 2.5-fold higher in patients receiving tofacitinib at a dosage of 10 mg twice daily (IR 5.2 per 100 patient-years, 95% CI 3.1-8.6) compared with patients receiving tofacitinib at a dosage of 5 mg twice daily (IR 2.1 per 100 patient-years, 95% CI 0.9-4.6), although the rates were not statistically significantly different between exposure groups given the limited number of events and the exposure time (Table  3) . By 6 months after study start, the risk estimates for HZ were similar between the 5 mg twice daily and 10 mg twice daily exposure groups. Similar trends were seen among patients advancing from the placebo group to the 5 mg or 10 mg twice daily tofacitinib groups at months 3 and 6, in which the incidence of HZ trended higher within the first several months in those whose treatment was advanced to 10 mg twice daily compared with those whose treatment was advanced to 5 mg twice daily (Figure 2) . Across all phase II, phase III, and LTE studies, the crude IRs varied strongly by region of enrollment and by race. Although Asian race was a risk factor for HZ, all but 19 Asian patients were enrolled in Asia, making it impossible to evaluate race separately from region of enrollment. The crude rates of HZ within Asia were more than double those seen in North America, Europe, and Latin American regions, and within Asia, rates were significantly higher within some subregions compared with others. The highest rates of HZ were observed in Japan and Korea, whereas lower rates were seen in Southeast Asia (Table 4) . When considering all sites of enrollment outside of Asia, the crude rates of HZ were similar between tofacitinib-treated patients (range of IRs 2.7-3.7 per 100 patient-years) ( Table 4) and adalimumab-treated patients (5 cases in 175 subjects; IR 3.26 per 100 patient-years, 95% CI 1.4-7.8).
The studies that included adalimumab did not include Asian patients, and therefore we were unable to ascertain whether the higher rates observed in Asian patients receiving tofacitinib could be attributed to race or to an effect of tofacitinib among patients of Asian race.
DISCUSSION
The current studies are the largest analyses to date that have examined the risk of HZ in patients with RA treated with tofacitinib, a JAK inhibitor for RA. Within the Tofacitinib RA Development Program, we documented relatively high rates of HZ among patients treated with tofacitinib, those treated with adalimumab, and those receiving placebo, although IRs were higher among tofacitinib-treated patients compared with placebo recipients. Enrollment site was the most important risk factor for HZ, since high rates were observed within a subset of Asian countries. HZ rates were similar between the low-and high-dosage tofacitinib groups, although in the first several months after drug start, a somewhat higher risk was observed in the 10 mg twice daily group. Importantly, no patients with HZ who were being treated with tofacitinib developed visceral disease. Our data suggest that preventive strategies for HZ should be developed for patients with RA, given the high rate of HZ-related morbidity observed regardless of RA therapy.
Patients with RA are known to be at increased risk for HZ and this risk can be further exacerbated by certain RA therapies. Prednisone raises this risk 1.5-fold to 2-fold, in a dose-dependent manner, and biologic therapies such as TNF␣ antagonists have been suggested, in some but not all studies, to also increase this risk (24, 25, 31) . Our data suggest that tofacitinib might also increase the risk of HZ, with higher IRs observed in tofacitinib-treated patients compared with those receiving placebo. A trend toward higher risk was also observed in tofacitinib-treated patients when compared with those receiving adalimumab, although the rates of HZ were similar between tofacitinib-and adalimumabtreated patients outside of Asia.
Whether there is a potential for increased risk of HZ with tofacitinib treatment compared with adalimumab or other TNF antagonists is unclear, since our study was not intended to evaluate this question and we lacked statistical power to evaluate risk differences between these groups. Regardless, evidence of any association between TNF blockade and HZ risk is conflicting to date. Some studies have suggested that there is a relatively higher risk of HZ with monoclonal antibody therapies, i.e., adalimumab and infliximab, when compared with etanercept, whereas another study suggested that there is a lower risk with adalimumab relative to etanercept (7) . A more recent, large observational study within the US failed to show any increased risk associated with TNF blockade, since the reported rates of HZ were between 1.2 and 1.3 per 100 patient-years for patients with RA who had started treatment with either TNF blockers or nonbiologic DMARDs (8) . Furthermore, similar to the reported experience with tofacitinib, patients who develop HZ under conditions of TNF blockade appear no more likely to develop disseminated infection (7) .
A biologic mechanism has yet to be proposed or understood with regard to how TNF antagonists could raise the risk of HZ. T cell-mediated immune responses against VZV-specific antigens, as measured by interferon-␥ (IFN␥) production from VZV-stimulated lymphocytes, are correlated with HZ immunity (32) (33) (34) . Reactivation of VZV is more likely when such responses have waned (35) . TNF antagonists have been shown to down-regulate the antigen-stimulated production of IFN␥ in vitro with tuberculosis antigens and other antigens, although to our knowledge, such experiments with VZV-specific antigens and TNF antagonists have not been performed. Furthermore, it is unknown whether such a suppressed response would even promote the reactivation of VZV or would diminish control of infection by the host.
Similarly, understanding of the biologic mechanism that could explain a potential increased risk of VZV reactivation with tofacitinib is currently lacking. Human antiviral defense hinges upon intact type I (IFN␣ and IFN␤) and type II (IFN␥) responses (36) , both of which signal via the JAK-1 receptor. Given that tofacitinib inhibits signaling through this receptor, it is possible that such a mechanism is related to an increased risk of HZ. Furthermore, tofacitinib could theoretically inhibit the development and/or maintenance of VZVspecific memory T cells (37) . However, similar to the situation with TNF blockade, it is unclear how these potential mechanisms promote VZV reactivation, and our observations to date suggest that patients who do develop HZ while receiving tofacitinib are no more likely to have disseminated or multidermatomal disease.
Although the rates of HZ were similar between patients treated with 5 mg tofacitinib twice daily and those treated with 10 mg tofacitinib twice daily, there was a trend toward a higher event rate shortly after commencement of the drug at the higher dosage. This is consistent with the idea that there exists a pool of patients with waning cell-mediated immunity who are at higher risk of VZV reactivation, such that a dosedependent effect could be seen for a short time period prior to depletion of such susceptible individuals following initiation of therapy. Further research should be undertaken to evaluate the mechanisms by which tofacitinib and/or TNF antagonists could promote VZV reactivation.
There was a large disparity in HZ rates within the tofacitinib development program based upon region of enrollment. Whereas the rates within North America and Europe were ϳ1.5-fold to 2-fold higher than those observed within the clinical trial experiences with tocilizumab and various observational studies of RA populations (5, (24) (25) (26) (27) (28) (29) (30) (Figure 1) , the observed tofacitinibassociated rates of HZ within some regions of Asia were 2-fold to 3-fold higher than those observed within North America and Western Europe. Furthermore, within Asia, there were large differences by country and subregion, such that some rates within Asian areas were similar to those observed within North America and Western Europe. The reasons for this are unknown, and it is unclear whether it is due to race, genetic predisposition, or cultural or medical differences in the diagnosis of HZ between regions. Results of prior studies have suggested that the incidence of HZ can vary by race and region (38) . Unfortunately, in our study very few Asian patients were enrolled outside of Asia, and therefore we were unable to examine race separately from region of enrollment as a risk factor for HZ. We explored factors such as BMI and concomitant medications (e.g., prednisone, methotrexate) as potential explanations for the differential rates observed, but no such factors were significantly associated with HZ development overall, nor did they account for the higher rates observed within Asia. Furthermore, there is no indication that the background incidence of HZ is higher in such regions (39, 40) . Interestingly, outside of Asia, the rates of HZ were similar between adalimumab-and tofacitinibtreated patients. Further research is warranted to clarify whether subsets of Asian patients are truly at higher risk for HZ during tofacitinib use and what mechanisms might explain such risk.
HZ is a preventable disease, and its prevention is of great interest among physicians treating patients with RA and other autoimmune diseases. Currently, the American College of Rheumatology recommends administration of Zostavax (Merck Sharp & Dohme Corp., a subsidiary of Merck & Co., Inc.), a live attenuated VZV vaccine, prior to initiation of biologic therapy in patients with RA age 60 years and older (41) . Despite these recommendations and despite studies showing patients with RA to be at high risk for HZ, Ͻ5% of patients with RA have been vaccinated with Zostavax (42) . While the barriers to such vaccination are not well defined, it is likely that contraindications against live vaccinations during biologic therapy preclude many physicians and patients from using this vaccine (43) . Currently, the necessity of this contraindication is unclear, and limited specific data are available regarding the safety of this vaccine when used concomitantly with biologic agents, nonbiologic DMARDs, or prednisone.
One recent observational study suggested that a large number of patients being treated with biologic agents (n ϭ 652, 551 of whom were taking anti-TNF agents) had been inadvertently vaccinated while actively receiving such therapies, without any resulting adverse sequelae or harm (44) . That study also suggested that vaccinated patients had less subsequent risk of HZ, with a demonstrable vaccine efficacy similar to that observed in a large shingles prevention study (45) . More recently, the vaccine was licensed for use in individuals age 50 years and older, although there is not currently a formal recommendation by professional organizations for use in this age group. Given the higher rates of HZ among patients with RA within this age group, it is likely that patients with RA between the ages of 50 years and 60 years would also benefit from vaccination. At this time, however, safety and efficacy information on Zostavax within RA populations is lacking. Studies should be undertaken to evaluate the utility of this vaccine among patients with RA who are receiving various immunosuppressant regimens, including tofacitinib.
In summary, within the tofacitinib development program for RA, higher-than-expected rates of HZ were documented, particularly within certain subregions of Asia. While a defined mechanism for JAK inhibition and HZ development has yet to be elucidated, further research should be conducted to identify potential explanations for these observations. Furthermore, and of utmost clinical importance, studies evaluating the safety and efficacy of Zostavax in the prevention of HZ among patients with RA are greatly needed.
